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Rediscovery of Air for Anesthesia in Thoracic Surgery' By H. F. POPPELBAUM, M.D.
Democratic Sector of Berlin, Germany WHEN the Allied troops established the second front in June 1944, they were equipped with anesthetic apparatus which delivered controllable, known concentrations of ether/air, or of chloroform/air mixtures. As these were relatively simple, easily portable devices, requiring neither heavy gas-cylinders nor soda lime absorbers, transport problems did not arise.
At the anesthetic symposium of the German Academy of Sciences in 1957 the question of anesthetic apparatus utilizing air was again taken up. On this occasion some speakers claimed that the use of air was justified only under normal physiological conditions but not in the conditions obtaining during anesthesia and operations. This attitude decided us to study the application of air as the exclusive vehicle for anesthetic vapours such as ether, chloroform or halothane during transpleural thoracic operations. Our decision was based on the principles of controlled ventilation, as it seemed logical that patients who had been made apnceic by relaxants could be effectively ventilated with air mixtures in the same way as is done with oxygen-rich mixtures, as long as an adequate minute volume could be ensured.
We developed a relatively simple and adequate ventilation device in the shape of a double bellows for performing positive-negative pressure ventilation; the appliance is equipped with clearly visible non-return valves, and functions as an open system without any rebreathing (Fig. 1) . The pressures obtainable with this appliance are in the range from plus 20 to minus 15 cm water, while minute volumes of over 10 litres can be obtained. Analysis of expired air with the Haldane apparatus always gave CO2 concentrations below 3 vol. %. Measurements of minute volumes were carried out with a Drager respirometer, or with a Douglas bag.
In contrast to ventilation with positive pressures alone, the following features of positive/ negative pressures were considered to be valuable:
(1) The lowering of the mean ventilation pressure results in an improvement of the htemodynamics of the patient; (2) the method practically overcomes the flow resistance of the breathing system and thereby (3) diminishes the functional residual air which results in improved CO2 elimination. (4) The ventilation is improved by about 30% compared with positive pressure inflation using similar peak pressures. For the reasons set out above, complications such as hypoxia or hypercapnia which may easily occur in a closed or semi-closed anesthetic system are no longer possible so long as an adequate minute volume is supplied.
Most anesthetists are not in a position to use continuously recording appliances for checking the actual composition of the gas mixture contained in a closed circuit apparatus at any time. How many of us have any knowledge of the concentrations of anesthetic agents such as ether or halothane in a closed circuit system at Fork-Ji itL.
-When compressing the double bellows, the contents of the outer chamber pass through the lower valve on the left to the patient, while the contents of the inner chamber are blown out to the atmosphere through the upper valve on the right. When pulling up the bellows, air is sucked from the lungs into the inner chamber while fresh air mixed with anesthetic vapour is drawn into the outer chamber. 1. Outer (inspiratory) chamber of double bellows. 2. Inner (expiratory) chamber of double bellows. 3. One-way inlet valve for fresh gases. 4. One-way inspiratory valve. 5. Y-connexion to patient. 6. One-way expiratory valve. 7. One-way outlet valve for expired gases.
"These investigations were carried out in the Department of Anesthetics and Bronchology at the Tuberkulose-Forschungsinstitut, Berlin-Buch. I am greatly indebted to Dr. H. G. Epstein (Oxford) for his translation and friendly advice. APRIL any time during the operation? While we can measure the flows of oxygen, nitrous oxide or cyclopropane admitted to a closed circuit and thus have some control of these gases, in the case of vapours such as ether or halothane most of us can be guided only by the reactions of the patient.
Since the days of John Snow, anesthetists have known that the safety of an inhalation anesthetic depends to a large extent on the ease with which its concentration can be controlled and limited. Throughout the history of anesthesia there have been many attempts to construct appropriate vaporizers which would deliver known concentrations of the anesthetic vapour. One of these found widespread use not only in the British Army from 1941 onwards, but also with many civilian anesthetists throughout the world; I refer to the Oxford vaporizer. As many of the younger generation of anesthetists may never have seen this well-known device I mention only that in it the temperature of the liquid anesthetic was maintained at a constant level by means of a chemical thermostat using hot water as the primary heat source.
The clinical investigations reported here were carried out originally with such vaporizers, but in more recent years with one of the well-known E.M.O. inhalers. No attempt is made in this new inhaler to maintain the liquid anesthetic at a constant temperature. A known, controllable vapour concentration is ensured by the use of a thermo-compensator which alters the proportion of air passing through the vaporizing chamber of the inhaler according to the temperature of the liquid anesthetic. This important simplification has become possible because anesthesia nowadays no longer requires the high concentrations which could be taken from the former Oxford vaporizer. E.M.O. inhalers are available not only for ether but also for chloroform, trichlor-ethylene, halothane and more recently also for the so-called azeotropic mixture of ether with halothane.
In order to maintain normal adults during major surgical procedures at a level of anesthesia corresponding to Guedel's third stage, first plane, a maintenance concentration of 5 vol. % ether is often quoted. After prolonged administration of such concentrations, the patient regains consciousness within ten to fifteen minutes. We found that for thoracic operations still lower ether/air concentrations in conjunction with muscle relaxants are often quite adequate, and return to consciousness is then correspondingly faster. When using such low and, more important still, perfectly uniform concentrations one does not meet with the complication of vomiting which was so widespread in former days of ether anesthesia. By very gradual increase of ether concentrations, swallowing, vomiting and laryngeal spasm can be avoided during induction.
I mention in passing another practical aspect of ether/air mixtures. Many anesthetists do not realize that mixtures of 5 ether (or less) in air do not detonate, although they may combust when ignited by a suitable source. On the other hand, ignition of mixtures with similar ether concentrations in oxygen would result in a detonation with disastrous consequences. The small risk of a mild deflagration with an ether/air mixture does not deter us from using it in the presence of surgical diathermy, but we usually provide a tube to lead away the exhalations from the field of operation (Fig. 2 ). Up to last summer we have been able to carry out thoracic operations with this method on over 250 patients, 200 with ether and 50 with halothane. Here I will only summarize a series of 100 anesthetics which were carried through with careful oximetric studies (Table I) . These patients were premedicated with pethidine 100 mg, atropine 0-5 mg, and Section of Anwsthetics promethazine 50 mg. Anesthesia was induced with an intravenous barbiturate and intubation was facilitated by the use of a relaxant; further doses of curare were given as required.
During all these operations we measured the relative oxygen saturation of blood by means of an Atlas oximeter; at the same time we recorded the respiration of both lungs by means of two pneumotachographs which were connected to the two limbs of a Carlens tube (Fig. 3 ). In order to avoid the objection that our patients might show a prolonged, raised oxygen saturation following preliminary inhalation of pure oxygen, we never administered any oxygen-rich mixtures while patients were undergoing oximetry. For that reason we were not in a position to set the absolute oxyhemoglobin concentrations on our oximeter. We assumed arbitrarily a value of only 80% saturation for the patient breathing air alone. There is no doubt that the true values were in all cases appreciably higher. This does These oximeter curves obtained while ventilating both lungs during resections showed a very steady oxygenation value throughout anesthesia with air as the vehicle; as the curves show, there was, of course, an initial temporary fall of oxygen saturation during the process of intubation. In normal clinical practice this fall is and always should be easily prevented by a short inhalation of oxygen preceding intubation (Fig. 4) . Other small falls below the normal level occurred occasionally near the end of operation when we let the patient breathe spontaneously. In order to show the response of the oximeter we introduced a few intervals without ventilation; this also helped us to study the rate of return of oxygenation to normal values after the ventilation was resumed. Any deficient ventilation is clearly shown by an immediate decrease of oxygen saturation when air alone is used; this cannot be shown so easily when ventilating with oxygen-enriched mixtures. With such mixtures, hypoventilation and the parallel accumulation of carbon dioxide remain more or less unnoticed. On the other hand, ventilation with air ensures maximum oxygen saturation only when the patient receives a sufficient minute volume; this gives at the same time an assurance that carbon dioxide is being adequately removed.
Near the right end of the oximeter curves (Figs. 6, 7, 8) one can observe small fluctuations in oxygenation when going over from controlled to spontaneous respiration. The mechanism of these fluctuations is not fully understood but they were greater if there was still some respiratory depression due to curare. After giving adequate amounts of Prostigmin and sucking off any secretions, the oximeter curve usually rose to the values obtained initially during spontaneous respiration (Fig. 7) . In clinical practice it is not feasible to check these Fii. 7. The two black bands at the bottom indicate again artificial ventilation of both lungs; white gaps show periods of apncea caused by clamping one or other branch of the Carlens tube. For over one and a half hours the patient had been receiving 300 ether and curare; although the latter had worn off by the end of the operation, spontaneous respiration was inadequate as shown by the steep fall of the oximeter curve; injection of Prostigmin rapidly brought the oxygenation back to a level close to that at the beginning of the operation. Fic,. 6.-After intubation with consequent short-lasting fall in oxygenation, the left and the right branch are alternately occluded. causing only small decreases in oxygenation. During subsequent right upper lobectomy the right branch remains occluded for 30 min. Note relatively small, initial decrease in oxygenation which disappears again soon, although the left lung alone is ventilated with air.
fluctuations for any length of t imn e It is therefore our contention that it is important to give additional oxygen post-operatively to such patients. When replacing ventila-Sppntwi. tion with air by ventilation with a 4: I nitrous oxide/oxygen nixture either in an open or a closed system, w e obtained changes in oxygen saturation similar to that with ventilation with air whenever ventilation was interrupted or one side occluded.
During subsequent operations we ventilated the healthy and the diseased lung separately by means of a Carlens tube. When occluding one lung one may either observe no decrease in oxygenation at all or one may get all degrees of falling off in oxygenation.
The lower tracings in Figs. 4-8 show the ventilation of each lung as well as the intentional interruption of such ventilation. We found that ventilating the healthy lung alone led to practically the same oxygen saturation as that resulting from normal, spontaneous respiration of the same patient (Fig. 5) . Ventilation of the diseased lung, however, frequently revealed greater functional impairment than would have been expected from previous X-ray examination. For example, a lung showing only apical tuberculosis on the X-ray picture proved incapable of maintaining full oxygenation (Figs. 6, 7, 8) .
Summarizing the findings of our oximetric studies we were able to establish that in certain patients ventilation with air of one lung only is quite adequate to maintain the same blood oxygenation which was obtained when ventilating both sides; on the other hand there are patients with diseased lungs where the separate ventilation of either side always results in a decrease in oxygen saturation.
Carrying out these tests on patients with severely diseased lungs may lead to a rapid decrease of oxygen saturation; we therefore interrupted the experiment whenever the initial The shorter the interval following occlusion of the healthy lung and ventilation of the other side only, during which the oxygenation falls to one-half of the original value, the less satisfactory is the function of the ventilated side. We also studied this "half-time" on nonanwsthetized patients. It is possible to train a non-intubated patient to hold his breath for a sufficient time to ensure a drop in oxygenation to about one-half of the initial value.
It is also known from incidents during anesthesia such as intrabronchial hemorrhage, that profound falls in oxygen saturation can occur without leaving any permanent damage, as long as they last for only a short time. We therefore decided that a brief decrease of oxygen saturation to one-half of the initial value could be permitted without harm in patients with healthy cardiovascular systems. The so-called "half-time" during spontaneous respiration following the closure of one side was used as a measure of the function of the other side of the lung. And we found this of assistance in answering one of the most important questions put by the thoracic surgeon to the anesthetist and to the lung function expert, namely, will the patient survive a pneumonectomy or, during IIto Ae a partial resection, the temporary I o s s o f function of the whole operated side due to atelectasis ?
In order to imitate a situation corresponding to pneumonectomy we have taken two new steps in our lung function tests:
(1) In the patient breathing spontaneously through a double prostagmmn lumen tube, the side to be resected was connected with a to-andfro system filled with pure nitrogen. In contrast to the method of closing off the lung, this procedure permits unimpeded respiratory iponn. movements, and in the conscious patient does not give rise to a feeling of suffocation. If no appreciable fall in inadequately oxygen saturation of tomy.
the blood resulted, the subsequent pneumonectomy was tolerated well by the patient. If there was an appreciable fall in oxygen saturation during such a test, only a partial resection was carried out (Fig. 9 ).
(2) Anesthetized patients were given a relaxant and ventilated intermittently with positivenegative pressures via a double lumen tube with pure air; the side of the lung to be resected was either closed off or connected with the to-and-fro system filled with nitrogen. The results were similar to those obtained with the first method.
These experiments do not deal with shunts of the pulmonary circulation which might be of significance after pneumonectomy. However, our results show that any shunts on the nonoxygenated side cannot play such an important part as has been claimed by several authors.
Conclusions.-The results of this investigation were all obtained in operations on the open thorax, often complicated by the loss of large areas of active lung tissue. These extreme conditions permit us to extend our conclusions to operations which interfere much less with the respiratory system. We conclude that expert ventilation with air combined with quantitatively known and easily controllable anesthetic vapours has a wide range of applications. We have been able to show that one can anesthetize successfully open to air.
The described method of broncho-oximetry is, in our view, a valuable supplement to bronchospirometry for the assessment of lung function. It may enable a decision to be made between pneumonectomy or partial lung resection.
Professor W. W. Mushin (Cardiff) drew attention to Dr. Poppelbaum's illustrations which showed that when controlled respiration was even momentarily interrupted, the oxygen saturation of the blood fell with startling rapidity to levels at which the patient must have been very cyanosed. He doubted whether this state of affairs was acceptable for patients undergoing thoracic surgery. He asked whether the use of air to ensure elimination of C02, by making apparent the need for good ventilation, did not introduce the possibly greater risk of serious oxygen deficiency during the inevitable interruptions in ventilation.
It may be true that some anxsthetists use mixtures of nitrous oxide and oxygen with a proportion of oxygen as in air. Professor Mushin did not support this practice. He considered that an inspired oxygen content of at least 30-50 % was necessary for patients on controlled respiration during antesthesia. In these circumstances interruption of controlled respiration for even a minute or two produced little important change in oxygen saturation of the blood.
Dr. J. Parkhouse (Oxford) said he felt sure Dr. Poppelbaum would be the last person to claim that there was no place for oxygen during anesthesia. He pointed out that it was quite unfair to compare ether antesthesia with nitrous oxide anesthesia on the grounds that there must necessarily be large differences between the two techniques in respect of inspired oxygen concentrations. Although Professor Mushin mentioned using only 500% nitrous oxide, most aniesthetists felt that this was insufficient to maintain unconsciousness, and in the nitrous oxide technique described by Professor Gray (Gray and Riding, 1957, Anaesthesia, 12, 129) it was routine practice to intubate the patient after induction with a gas mixture containing only 20 % oxygen. This technique was specifically advocated for poor-risk patients, and was extensively practised without complications. As a recent American publication (Weitzner et al., 1959, Anesthesiology. 20, 624) had reaffirmed, the duration of apncea was all-important in the development of hypoxia. Furthermore, with nitrous oxide anesthesia the inspired oxygen concentration was limited, even in emergency situations, by fear of the patient awaking; with Dr. Poppelbaum's technique, on the other hand, it was possible to administer at least 95 % oxygen whenever indicated.
In contrast to Professor Mushin's belief, the cumulative experience of the Oxford school over several years had confirmed the impression that the amount of oxygen present in atmospheric air was perfectly adequate for the needs of patients on controlled respiration during general anesthesia. More recently, a technique similar to Dr. Poppelbaum's had been used for many thoracic and cardiac operations, including extracorporeal circulation and moderate and profound hypothermia: some of these operations required supplementary oxygen but the great majority showed adequate oxygen saturation while being ventilated with room air.
Dr. H. G. Epstein (Oxford) thought that the decrease in oxygenation during intubation was less interesting than the very rapid return to the initial level of oxygenation as soon as ventilation with air had been resumed. Regarding the lowest values of oxygenation, these were probably less excessive than would appear from the graphs; one had to consider that the value of 800% assumed by Dr. Poppelbaum for adequate ventilation with air erred on the low side. Of particular interest seemed to be the finding that breathing of air with one lung alone could maintain the level of oxygenation unaltered.
Dr. Poppelbaum, in reply, recalled that the Section of Anesthetics had recently discussed the emergency resuscitation and anesthesia of mass casualties. In such circumstances air should always be considered as a vehicle for anesthetic vapours since oxygen, nitrous oxide and soda-lime might not be available. He emphasized that in his lecture he had not intended to advocate a sudden and complete change-over to ventilation with air in thoracic surgery in place of the traditional methods; his aim had been to demonstrate the feasibility of the procedure, particularly in uncomplicated cases. Obviously the double bellows unit could be used equally well for nitrous oxide/ oxygen mixtures, and a 4 to 1 nitrous oxide/oxygen mixture could justifiable be compared with air since the partial pressures of oxygen were similar. He agreed with Professor Mushin that lower concentrations of nitrous oxide were often used clinically, in which case hyperventilation, whether deliberate or not, helped to maintain anesthesia.
